2014 Les coefficients de diffusion du soufre dans les alliages austénitiques Fe-Ni (36) ont été déterminés dans un intervalle de températures allant de 600 °C à 1 000 °C, sur des matériaux industriels, à partir de l'étude de la ségrégation superficielle du soufre par spectroscopie d'électrons Auger (AES). L'expression du coefficient de diffusion en fonction de la température est donnée par: Dv(cm2 s-1) = 26,8 exp( -261 400 J/mole) /RT). L'énergie d'activation déterminée (261,4 kJ/mole) est légèrement supérieure à celles concernant la diffusion du soufre dans le fer 03B3 pur, le nickel pur et les alliages Fe-Ni 25, 50 et 75 % de nickel. Néanmoins, cette valeur permet d'envisager un mécanisme de diffusion lacunaire.
At high temperatures, the composition of the free surface of a diluted alloy is generally different from its bulk composition. This is caused by surface segregation. The metalloidic impurities (or alloying elements) can segregate to solid free surfaces (or grain boundaries), if the temperature is adequate to allow atomic motion.
Interfacial segregations of impurities in pure metals have received widespread attention during the last ten years, in relation to the development of surface segregation techniques (especially Auger Electron Spectroscopy (AES)), and because of the consequences of the phenomenon on mechanical and chemical properties of metals. In the case of nickel, superficial and intergranular segregations of sulfur are known to enhance corrosion and to weaken the mechanical properties of the metal due to the intergranular brittleness. For segregation in concentrated nickel alloys, data are less numerous. Marcus et al. have studied the adsorption of sulfur (segregation and chemisorption) on single crystals of various composition Fe-Ni alloys [1] . These alloys suffer a hot ductility drop (700 °C-1100 °C) due to a high temperature intergranular cavitation and cracking [2] which seems to be in direct relation to interfacial segregations of metalloidic impurities [3] . Otherwise, segregation is restricted by diffusional dependence in solid phase, because atomic flow appears to satisfy a thermodynamic equilibrium between interfacial and bulk material composition.
AES measurements have been successfully used to determine the diffusion constants for several impurities in various binary and more complex systems [4] [5] [6] . This method is advantageous to measure diffusion constants (as low as 10-20 cm2 S-1) in addition to its rapidity in comparison to other methods such as gravimetric or those using radiotracer elements.
However, the starting state for segregation and the boundary conditions between the surface layer and the adjacent bulk must both be known to resolve Fick's second law. Many theoretical models have been proposed to take into account these conditions ; they often develop numerical integration methods of Fick's laws [7] . When there is no evaporation at the free surface and when the initial state of segregation is a homogeneous solid solution without segregation Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/rphysap:019880023070129700 (Cs (t = 0 ) = CS(0) ~ 0), an analytical solution of Fick's equation can be obtained assuming that bulk composition near the surface CV(x = 0, t ) remains constant during the segregation process [8] . In this case, the segregation is only controlled by bulk diffusion and consequently the evolution of the surface solute concentration is described by the following relation : where CV(x = ~) : is the initial solute bulk concentration CV(x = 0, t ) : is the solute bulk concentration in equilibrium with the solute surface concentration CS(t) Dv : is the solute bulk heterodiffusion constant t : is the time.
Bulk concentrations are expressed in atoms per unit volume and surface concentration in atoms per unit surface.
In this relation, valid only in isothermal conditions, the quantity Cv (x = 0, t ) is assumed to be constant whatever the time is. In practise, the value of CV(x = 0, t) generally increases with CS(t) values ; so, from the above mentioned assumptions (Cv(x = 0, t ) = constant), it follows that the relation (1) is valid only in the case where the segregation is described by a Fowler-Guggenheim's isotherm ; i.e., when there is an attractive interaction between sulfur and metal atoms. Moreover, this quantity becomes negligible relative to Cv (x = oo ), whatever the shape of the segregation isotherm is, in two practical cases [6] :
-for low surface coverages, -when the metal is oversaturated in solute.
In addition, if the starting state is a surface without segregation (by ionic cleaning), the relation (1) is reduced to :
The relation (2) has also been proposed by Lea and Seah [9] from the grain boundary segregation of McLean's equation [10] . From a known bulk solid solution composition CV(x = ~), the solute diffusion constant Dv can be easily determined from segregation kinetics using relation (2) . From the above mentioned assumptions, we propose to determine the sulfur diffusion characteristics in the Fe-Ni 36 alloy by using the surface segregation kinetics of this element, after some considerations about the segregation of several metalloidic impurities. This study was carried out over the range of temperature from 600 °C to 1 000 °C.
2. Materials and expérimental procedure.
The Fe-Ni 36 alloy used in the present study is an industrial material manufactured by Imphy S.A. as a thin strip. Its chemical composition is listed in table I. The sulfur bulk concentration (18 ppm wt) is larger than the solubility limit at room temperature at which sulfide precipitates are observed by electronic microscopy [11] . The data concerning the equilibrium diagram of the Fe-Ni-S system are scarce. It is known that : -for the Fe-Ni 75 alloy the solubility limit is 42 ppm at 1150 °C [1] , -for the Fe-Ni 50 alloy it is 36 ppm and 56 ppm at 1180 °C and 1 200 °C respectively [12] .
These data cannot be used for the present alloy, so we have verified experimentally the presence of sulfides in the alloy after annealing at 1 000 °C and 1100 °C for 3 and 1 h respectively ; after annealing the alloys were quenched in cold water and the presence of sulfides was detected by optical microscopy after a piquration test which exclusively reveals the sulfide precipitates [11] .
These materials also exhibit fine boron nitride precipitates in spite of the low concentration of nitrogen and boron in the alloy [11] .
The specimens were cold rolled to about 0.8 mm thickness, then polished and rinsed in pure acetone. After a chemical cleaning in sulfuric acid solution at 60 °C, they were homogenised by recrystallisation annealing for 30 min at 850 °C (according to Imphy S.A. procedure) in evacuated quartz capsules under pure argon atmosphere and then cut into a rectangular form of 4 mm x 3 mm for the Auger analysis.
The Auger electron spectroscopy (AES) system consists of a Riber ISA model ASC 2000 analyser with a cylindrical mirror analyser and coaxial gun. The sample is spot welded to a strip of tantalum heated by electrical resistance inside the Auger Table I . - The chemical composition of the Fe-Ni 36 alloy in wt. %. vacuum system, samples being heated by conduction from the strip. The temperature is measured with thin wire (50 03BCm) thermocouples (chromel-alumel) spot welded to the sample. Such a device allows temperature to rise to 1 000 °C within a minute. The basic residual pressure in the chamber is maintained below 5 x 10-8 Pa. Typical parameters for Auger measurements are : 3 keV primary energy, 0.1 ¡.LA primary beam current and about 1 03BCm for the beam diameter. The Auger spectra are recorded, and the peak to peak heights, measured in the derivative mode, are reported in (Cs, t) diagram for each studied temperature. The sulfur surface concentration is determined from the following calibration :
We chose as characteristic peaks, the nickel (848 eV) and the iron (650 eV). We have not retained the 703 eV iron peak, although it is the most intense, because it is disturbed by the proximity of 676, 709 and 716 eV nickel peaks. Nickel is more sensitive to the Auger effect than iron ; the measured peak heights from each pure element are in the ratio -Hs, HFe and HNi are the usual peak heights measured in the derivative mode ; -ds is the atomic density of the surface of a polycrystalline Fe-Ni 36 alloy.
The calculations of the constant a are made assuming that the sulfur segregates in the first atomic layer ; thus it can be calculated using the following equation [13] where -HS is the Auger peak height of the pure sulfur ; -H0MAT = 1.3 H0Fe + H%1 where H0Fe, H0Ni are the Auger peak heights of the pure element ; -a is the segregated thickness ; -03BB is the mean free path of the Auger electron emitted by the sulfur atoms ; -03B8 is the emergence angle of the Auger electron out of the used cylindrical mirror analyser. H0Fe, H0Ni and Hs come from [14] . We chose the same values for a and À (a = 0.25 nm, À = 0.5 nm) as those used by Larere [15] in the case of sulfur segregation in pure nickel. cos 03B8 = 0.74. For a Fe-Ni 36 alloy we assume that the matrix signal HLT is proportional to the concentration of each element i.e. HkT = 1.3 x 0.64 H0Fe + 0.36 H §E1. In these conditions the value of a is 0.38 ± 0.03. If a3 is the atom volume ; the atomic density ds is a-2, its value is 19 .5 x 1014 at. cm-2 with a lattice parameter of 0.359 nm for this f.c.c. alloy [16] .
3. Expérimental results. Figure 1 shows Auger spectra at 600 °C and 700 °C. In our experimental conditions, we observe that phosphorus (120 eV) remains on the surface even after 6 h annealing at 600 °C (spectrum A), but at 700 °C we can observe a surface free of phosphorus after 7 h of annealing (spectrum B). The nitrogen (380 eV) and boron (172 eV) do not segregate during the various heat treatments up to 1 000 °C ; they are observed on the surface only during a second isothermal annealing series following the 1000 °C annealing (spectrum C). In addition to previous remarks, we readily observe sulfur, nickel and iron peaks on the spectra. Figure 2 illustrates the time dependence of both sulfur and phosphorus surface concentrations at 600 °C and 700 °C respectively. We observe that, at 600 °C, phosphorus cosegregates on the free surface with sulfur even after 20 h annealing and its signal is greater than that of sulfur. At 700 °C the phosphorus is present on the surface only during the first 3 h. Figure 3 shows the sulfur concentration versus à in isothermal conditions at 600 °C. The full curve A represents the first kinetic segregation after the . introduction of the specimen in the analyser chamber, while the dashed curve B concerns the isothermal kinetics at 600 °C after the whole segregation treatments of the specimen up to 1 000 °C have been done. The kinetic B is slower than that for A. We think that the curve A, corresponding to the first heating of the sample after its preparation, accounts for a non-equilibrium segregation mechanism due to slight cold working, resulting from various manipulations of the sample. Indeed, an appreciable sulfur superficial concentration is obtained after a short heating time (one minute) ; this typical behaviour (fast segregation) has already been observed on pure nickel preliminarily quenched or cold worked [17] . For the next calculations, we shall consider only the kinetics of curve B which seem to correspond to equilibrium segregation. Figure 4 shows the segregation kinetics for the temperature range studied. The CS(t) laws are linear with à and the regression of the calculated [10] . According to equation (2), CS(t) is the surface concentration of sulfur (atm. cm-2), and the Dv values are developed from experimental slopes of the curves reported in figure 4 .
The bulk concentration is 2.752 x 1018 atm. cm-3 corresponding to 18 ppm wt. The calculated values of diffusion constants Dv are reported in table II and plotted on the Arrhenius diagram of the figure 5. It can be seen that the 600 °C value is not in alignment with the others. We think that this is the result of a considerable quantity of phosphorus, boron and nitrogen on the surface and it seems reasonable to consider this experimental point as peculiar in comparison with the others. Under these conditions, a straight line calculated in the Arrhenius diagram, from points at 700, 800, 900 and 1000 °C, is represented by the following relation :
With a correlation constant exceeding 0.99. The validity of the determined results is limited by various phenomena we have mentioned and which must been reviewed.
SEGREGATION OF OTHER METALLOIDIC ELE-
MENTS. - The nature of the segregated elements depends both on the material thermal history and the temperature level reached. The curves of figure 3 show the isothermal segregation kinetics of sulfur at 600 °C for the alloy annealed in the following conditions : -30 min annealing at 850 °C (curve A) ; -the previous treatment followed by a series of isothermal annealings at temperature range between 600 and 1 000 °C (curve B).
The difference in the curve slopes can be due to both non-equilibrium phenomena (see paragraph 4.2) and to the metalloid segregation of the other elements. The spectra corresponding to curve B exhibit, in addition to sulfur peak, phosphorus, boron, and nitrogen peaks as showed on the spectrum C in figure 1. The energy difference (7 eV) of the boron peak likely evokes a cosegregation of this element with nitrogen. Furthermore, these elements are only present on the surface of the alloy which has been annealed at 1 000 °C prior to the segregation treatment ; this can be explained by a total or partial dissolution of the boron nitride precipitates.
The behaviour of phosphorus is the same as that already described for pure nickel by Larere [15] : because of its strong diffusivity, phosphorus appears more quickly than sulfur at the alloy surface. In isothermal conditions at 600 °C, the presence of both elements on the surface seems to be a stable situation. This hypothesis, which is based only on the kinetic curve shape (stability of surface concentrations after 20 h of annealing), needs to be verified. In contrast, at 700 °C, the equilibrium thermodynamic situation of the system is expressed by an exclusive sulfur layer on the alloy surface, after a transitional period during which there is coexistence of sulfur and phosphorus on the surface for the kinetic reason mentioned above (the faster diffusion of phosphorus figure 3 obtained in isothermal conditions at 600 °C reveal the precautions that should be taken to describe, by the model of McLean, the kinetic and thermodynamic aspects of the experimental segregation. Although the sample was annealed prior to analysis, the first curve obtained at 600 °C is charac-teristic of a dynamic segregation activated by the elimination of non-equilibrium defects (dislocations, vacancies). Indeed, from the curve A of figure 3 we observe a first stage limited to about one minute, during which sulfur enrichment of the surface is very fast, followed by a second stage (quasi-linear versus t) whose kinetic slope is greater than the equilibrium slope represented by the curve B. Similar observations have been done on pure nickel which was preliminarily cold worked. These variations in surface segregation kinetics of sulfur have not been fully explained. However, we can affirm that for the preliminarily cold worked pure nickel, an appreciable segregation is associated to recrystallisation of metal. These segregations go on at high temperatures, by a process 102 to 104 times faster than the classic diffusional process ; this second stage is concurrent with the growth of material grains [18] .
In the present case, there is no uniform cold working of the metal, but it seems certain that the manipulations of the sample, especially those due to welding operations, have induced a partial cold working. 4 .3 SULFUR DIFFUSION. -The hypotheses to obtain kinetic equation (1) have been discussed in paragraph 1. In the present case, we have verified that the sulfur concentration is greater than the solubility of sulfur in alloy up to 1 000 °C ; this observation validates the use of equation (2) ; this implies that the value of C, is less than 18 ppm because only the dissolved atoms of sulfur are concerned by the segregation. Furthermore, the solubility of sulfur [20] ; but, it seems logical to assume that in the presence of a multispecies segregation, the kinetic relation of each species could also be altered. In the present case, if we refer to the value calculated from the isothermal kinetic relation at 600 °C, it is found that the cosegregation of phosphorus, boron, nitrogen and sulfur accelerates the sulfur diffusion in the Fe-Ni 36 alloy. The same observation has been made during the isothermal kinetic relations at 700 °C : the observed relation during the first stage of the annealing where the phosphorus cosegregates, is faster than that recorded later. Hence, the value retained as representative of sulfur diffusion has been calculated from the second slope of the experimental curve.
The diffusion characteristics of sulfur in the Fe-Ni 36 alloy do not represent an important difference from the values associated with the other Fe-Ni alloys [21] , the iron y Fe [22] and the nickel [22] [23] [24] (see Tab. III). But, the obtained values for the Fe-Ni 36 alloy confirm the remark made by Netter et al. [21] : there is no steady variation of the pre-exponential (Do) and the activation energy (Q) versus the alloy composition. On the other hand, in the log (Do) versus (Q/TM) diagram shown in figure 6 (TM is the melting point of the alloys), the value of the Fe-Ni 36 alloy is relatively distant from the curve determined by Netter [21] and we think that this is what caused the inaccuracy of the Do and Q values.
The calculated activation energy value suggests a vacancy mechanism for the diffusion of sulfur in the Fe-Ni 36 alloy. The published values of formation energy (EF = 1.57 eV) and the migration energy (EM = 1.10 eV) of vacancies in the Fe-Ni alloys do not depend on the alloy composition in the range 50-100 % of nickel [26] . Assuming that these results are valid for a Fe-Ni 36 alloy, the activation energy (261.4 kJ/mole) for sulfur in this alloy is in good agreement with the value (258.4 kJ/mole) obtained from the sum EF + EM. 
Conclusions.
Sulfur segregates to the surface of the Fe-Ni 36 alloy and the similitudes with the Ni-S system are very good. Namely, competition between sulfur and phosphorus occurs at low temperatures (until 700 °C), after which the sulfur segregates exclusively.
The exploitation of the segregation kinetic laws determined by AES measurements permits calculation of the characteristics of the sulfur bulk diffusion in the Fe-Ni 36 alloy. Except for the value published by Pfeiffer [23] , the activation energy determined experimentally (261.4 kJ/mole) is the highest of those determined for pure iron ( y Fe), pure nickel, Fe-Ni 50 and Fe-Ni 75 alloys. Nevertheless, this value is still consistent with a vacancy diffusion mechanism.
These results have been obtained by the study of surface segregation which is faster than the methods currently used for diffusion studies ; nevertheless, this method requires the existence of superficial segregation of the studied element and the existence of proper physicochemical boundary conditions to simplify the solution to the Fick's second equation.
